The nongenomic actions of thyroid hormone include generation of second messengers directly involved in signaling pathways that include the phosphatidylinositol 3-kinase (PI3K) (2, 12, 15, 16) or mitogen-activated protein kinase (MAPK) (11, 13, 17, 20) pathways. In a number of studies, T 3 acted by stimulating the PI3K pathway, although this has not been demonstrated for T 4 . In human skin fibroblasts, Cao et al. (2) elucidated a T 3 -dependent signaling cascade leading to ZAKI-4␣ expression via mammalian target of rapamycin (mTOR) activation. The mTOR activation was mediated by a PI3K-Akt/PKB signaling cascade, because T 3 induced phosphorylation of Akt/ PKB more rapidly than that of mTOR. The T 3 -dependent phosphorylations were blocked both by PI3K inhibitors and by expression of a dominant-negative PI3K. The regulation of PI3K pathway by T 3 was altered in gastric cancer, raising the possibility that changes in nongenomic signaling by T 3 play a potential role in disease states (15) . Lei and colleagues (12) demonstrated that T 3 stimulated the PI3K/PKB pathway via the Src family of tyrosine kinases. In this system, activation of both Src kinase and PI3K was required for the T 3 -induced stimulation of Na-K-ATPase activity and its cell surface expression in adult rat alveolar epithelial cells (12) .
Both T 4 and T 3 thyroid hormones nongenomically regulate signal transduction pathways other than the PI3K pathway, including MAP kinases. For example, T 3 activates MAPK/ ERK1/2 in alveolar epithelial cells, stimulating the sodium pump in a dose-and time-dependent manner (11) . In prior work, Lin et al. (13) showed that thyroid hormone-enhanced IFN-␥ induced antiviral activity in HeLa cells, which lack thyroid hormone receptors. This effect was activated by T 4 , Fig. 1 . Specificity of thyroid hormone signaling through plasma membrane integrins. The plasma membrane ␣v␤3-integrin has distinct binding sites for 3,5,3Ј-triiodo-L-thyronine (T3) and L-thyroxine (T4). One binding site binds only T3 and activates the phosphatidylinositol 3-kinase (PI3K) pathway. The other binding site binds both T3 and T4 and activates the ERK1/2 MAP kinase pathway. HIF-1␣, hypoxia-inducible factor-1␣; mTOR, mammalian target of rapamycin.
T 4 -agarose, and, to a lesser extent, T 3 . This effect also required activation of the MAPK cascade and an interaction with the STAT1␣ pathway that is activated by the IFN-␥ (13). Proangiogenic effects of thyroid hormone and its analogs also depend on ERK1/2 signaling in a chick chorioallantoic membrane model (17) . T 4, T 4 -agarose, and the thyroid hormone analog 3,5-diiodothyropropionic acid (DITPA) stimulated angiogenesis in this model, and the magnitude of the angiogenic effect was similar to that of VEGF and basic FGF. Either tetraiodothyroacetic acid (tetrac), a known inhibitor of binding of T 4 to plasma membrane integrins, or a MAPK pathway inhibitor inhibited DITPA-induced angiogenesis. In human osteoblast-like cells, both T 3 and T 4 activated ERK, which resulted in DNA synthesis and cell proliferation (20) . Thus there is accumulating evidence that thyroid hormones and their analogs can have rapid nongenomic effects and stimulate more than one signal transduction pathway. It is uncertain whether there is cross talk between different pathways that are stimulated by thyroid hormones.
T 4 and T 3 are able to activate other intracellular signal transduction cascades beyond PI3K and MAPK. Acting independently of TR, thyroid hormone modulates the activity of the plasma membrane Na -dependent stimulation of adenosine triphosphatase (23) , and other ion pumps or channels [inward potassium channel (19) and sodium current (9) in cardiac myocytes]. They also stimulate the guanosine triphosphatase activity of synaptosomes (8) .
Studies of thyroid hormone action on cell surface events, such as calcium efflux (3, 18) or glucose uptake (21, 22) , several decades ago implied the existence of one or more plasma membrane receptors for T 3 or T 4 . Recently, integrin-␣ v ␤ 3 has been reported as a cell surface receptor for T 4 in CV-1 cells, a monkey fibroblast cell line that lacks functional thyroid hormone receptors (1) . Inhibition of the proangiogenic effects of thyroid hormone in chick chorioallantoic membrane model by LM609, a monoclonal antibody directed against ␣ v ␤ 3 -integrin, suggests the involvement of ␣ v ␤ 3 as a surface receptor (4).
Lin et al. (14) studied the role of L-thyroxine and 3,5,3Ј triiodo-L-thyronine in cell proliferation of human glioma cells and the contributions of MAPK (ERK1/2) and PI3K pathways in the actions of T 3 and T 4 (Fig. 1) . They demonstrate that T 3 and T 4 activate ERK1/2 and proliferating cell nuclear antigen (PCNA) accumulation in a concentration-dependent manner. Although ERK activation occurred within 30 min, PCNA accumulation was seen at 24 h. In contrast, activation of PI3K with phosphorylation of its p85 subunit occurred in the U-87 MG cells treated with T 3, but not with T 4 . The T 3 -induced activation of PI3K was blocked by Arg-Gly-Asp, indicating a role of integrin receptors. While the activation of the ERK1/2 pathway was necessary for thyroid hormone-induced cell proliferation in these glioma cells, the T 3 -induced PI3K activation caused nuclear accumulation of TR␣, but not TR␤ 1 . PI3K activation by T 3 was required for T 3 -induced expression of hypoxia-inducible factor-1␣. Taken in combination, their results suggest that there are two different receptor sites for thyroid hormones on one integrin molecule that cause downstream activation of ERK and/or PI3K. T 3 binds to both sites and activates both the ERK and PI3K pathways, whereas T 4 only activates ERK1/2 after binding to only one of the two surface integrin sites.
This work reveals the novel finding of specificity of T 3 and T 4 acting on a single cell surface receptor at apparently distinct sites within the molecule that regulate activation of separate downstream signaling pathways. Like the glioma cells, alveolar epithelial cells also demonstrate T 3 activation of both the MAPK and PI3K pathways, but the ligand to which T 3 binds in that system has not been determined yet. It will be interesting to determine whether a single integrin molecule can differentially activate nongenomic signaling pathways depending on the specific ligands. The studies of Lin et al. (13, 14) add significantly to our knowledge of the rapid nongenomic actions of thyroid hormones, demonstrating a sophisticated specificity exerted at the cell surface binding of hormone to plasma membrane integrin that affects TR activity and signaling pathway activation. Another unresolved question is whether there are intracellular interactions between the PI3K and MAPK signaling pathways after they are triggered by thyroid hormones at the plasma membrane. These findings are important biologically and also offer the opportunity to target specific pathways that may be manipulated in treating pathological states.
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